Density effect in d–d muon-catalyzed fusion with ortho- and para-enriched D2  by Imao, H. et al.
Physics Letters B 658 (2008) 120–124
www.elsevier.com/locate/physletb
Density effect in d–d muon-catalyzed fusion with ortho-
and para-enriched D2
H. Imao a,∗, K. Ishida b, N. Kawamura c, T. Matsuzaki b, Y. Matsuda b, A. Toyoda d,
P. Strasser c, M. Iwasaki b, K. Nagamine a,c,e
a Atomic Physics Laboratory, Discovery Research Institute, RIKEN, Wako, Saitama 351-0198, Japan
b Advanced Meson Science Laboratory, RIKEN Nishina Center, RIKEN, Wako, Saitama 351-0198, Japan
c Muon Science Laboratory, Institute of Materials Structure Science, High Energy Accelerator Research Organization, Tsukuba, Ibaraki 305-0801, Japan
d Beam Channel Group, Institute of Particle and Nuclear Studies, High Energy Accelerator Research Organization, Tsukuba, Ibaraki 305-0801, Japan
e Physics Department, University of California Riverside, Riverside, CA 92521, USA
Received 14 August 2007; received in revised form 16 October 2007; accepted 17 October 2007
Available online 4 November 2007
Editor: D.F. Geesaman
Abstract
The ortho–para dependence of d–d fusion neutrons time spectra was investigated in wide range of the target densities at similar temperatures
[φ = 0.86 liquid-hydrogen density (LHD), T = 35 K for liquid and φ = 0.03–0.17 LHD, T = 36 K for gas]. The result showed significant
density dependence. For the first time, a delayed transient structure in the spectra that depends on the ortho ratio, presumably due to the slow dμ
thermalization, was found in gaseous D2, whereas no significant structure was observed in liquid. The resonant ddμ formation rates in the gas
phase were extracted considering the structure.
© 2007 Elsevier B.V. All rights reserved.
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Among a variety of muon-catalyzed fusion (μCF) reactions
in hydrogen isotopes, the resonant muonic molecular forma-
tion plays an essential role because it primarily determines how
many fusion reactions take place within a muon lifetime of
2.2 µs. The resonant ddμ formation in pure deuterium [1] oc-
curs in a similar way to the dtμ formation in deuterium–tritium
mixture. A ddμ molecule is formed resonantly from a dμ atom
because of a shallow bound state (∼ −2 eV) in the ddμ mole-
cule with the rotational and vibrational state (J, ν) = (1,1):
(1)(dμ)F + (D2)Ki ,νi →
[
(ddμ)dee
]∗
Kf ,νf
(F denotes hyperfine state, Ki and νi are initial rotational and
vibrational quantum numbers and Kf and νf are the final ones),
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doi:10.1016/j.physletb.2007.10.068where the collision energy of incident particles and the ddμ
binding energy are transmitted to the final rotational and vibra-
tional energy of the muonic molecular complex of [(ddμ)dee].
As a competing process, the hyperfine transition from F = 3/2
to F = 1/2 and the thermalization of dμ energy takes place. At
our observed temperatures ( 36.2 K), dμ with F = 3/2 res-
onantly forms ddμ at the rate of approximately two orders of
magnitude higher than that of the non-resonant ddμ formation
rate from dμ with F = 1/2, λ˜ 1
2
.
The resonant ddμ formation rate λ˜ 3
2
is sensitive to the dμ
kinetic energy and the thermal motion of D2 because they are
of the same order as the resonance energy, which is required
to match the resonant condition. The resonance energy is de-
fined as the energy difference between the initial atomic and
molecular states, i.e., the dμ hyperfine state and the rotational
state of D2, and the final states, i.e., the spin state of ddμ and
the rotational and vibrational state of [(ddμ)dee]. The reso-
nance energies on various initial and final states were deter-
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of λ˜ 3
2
extracted from PSI data only with normal-D2 gas, i.e.,
67% ortho-D2 (Ki = even) and 33% para-D2 (Ki = odd), as-
suming the rapid dμ thermalization [2–5]. Whereas the theory
with the resonance energies predicts a rapidly decreasing for-
mation rate as the temperature drops, high formation rates in
the solid phase were reported by several groups [6–9]. The de-
pendence of the rates on the ortho–para ratio observed in the
solid and liquid phases (φ ∼ 1.2 LHD) [10] did not agree with
the theory, which predicted a higher rate in ortho-D2 [11,12].
The recent theories taking into account the dμ slow thermal-
ization mechanism and the shift and broadening of the resonant
condition due to correlations between D2 molecules in the solid
phase [13,14] have not yet succeeded in completely explaining
the ortho–para dependence.
The systematic study of the dependence of the resonant ddμ
formation on the target density at fixed temperature (density ef-
fect) is necessary to resolve the discrepancies. Such study has
not been realized in the previous experiments with normal-D2.
By performing the ortho–para controlled μCF experiment in
wide range of target densities at similar temperatures, we can
directly investigate the density dependence of resonant condi-
tion both for ortho- and para-D2. Such an experiment is not only
a sensitive test of the existing μCF theories but also a novel ap-
proach to investigate the density effect for extending the theory
to high densities.
2. Experiment
We measured the emission-time distribution of d–d fusion
neutrons from ortho–para controlled deuterium both in liq-
uid (φ = 0.86 LHD, T = 35.0 K) and gas (φ = 0.17 LHD,
T = 36.2 K) phases. The measurement was performed at the
TRIUMF M9B muon channel. We changed the μ− beam mo-
mentum in the range of 48–52 MeV/c for different target
densities. A cross-sectional view of the experimental setup is
shown in Fig. 1. The coincidence signal of two muon beam-
line counters (B1, B2) opens a 14-µs gate for data taking.
Four NE-213 liquid scintillators (diameter 5′′ and length 2′′,
N1–N4) for detecting 2.5-MeV d–d fusion neutrons covered a
large solid angle (∼ 40% of 4π ) around the deuterium target.
The high detection efficiency was especially required for low-
density targets. Muon-decay electrons were detected by using
four pairs of plastic scintillation counters (E1–E8). We used two
types of bullet–shaped target cells made of oxygen-free high-
conductivity (OFHC) copper for the gas (50 mm in diameter
and 120 mm in length) and the high-temperature liquid (30 mm
in diameter and 55 mm in length) targets, respectively. These
cells were designed to sustain a maximum operating pressure of
12.2 bars (e.g., vapor pressure of normal-D2 at 35 K is 10.5 bars
[16]).
We used deuterium with wide-ranging ortho–para ratios, i.e.,
50%, 55%, 66% (normal) and 99% ortho-D2. Para-enriched D2
target was required not only to enhance the ortho–para depen-
dence of observable but also to ensure the consistency of the dif-
ference in ortho and normal targets. Gaseous para-D2 was col-
lected by using the preferentially adsorption method [17]. As anFig. 1. Schematic view of the experimental setup. The 30-cc cell for high-tem-
perature liquid target is placed in the vacuum chamber.
adsorbent, we used grained γ -alumina powder (10–20 mesh),
which was filled in an OFHC copper cell at a temperature of
30 K. By keeping normal-D2 gas flowing through the adsorbent,
55% ortho-D2 gas (typically 20 STP-liter in one operation) was
collected. For further para concentration (e.g., ortho 50%) the
55% ortho-D2 was used as the original gas. We used the para-
magnetic conversion method [17] to produce ortho-rich D2. In
order to measure the ortho–para ratio, the Raman spectroscopy
method was employed. The gas analysis was performed before
and after each experimental run to check that the ortho–para
ratio was not changed during the run.
In the analysis to obtain d–d fusion neutrons time spectra,
the delayed-electron condition [15] was essential. The back-
ground neutrons due to the muon nuclear capture reactions
were strongly suppressed by requiring the muon-decay electron
to be detected between 0.3 and 5 µs after the neutron signal.
The remaining background under the delayed-electron condi-
tion mainly came from ambient neutrons with no correlation to
muon arrival. The time distribution of background neutrons was
determined by using the observed distribution with the hydro-
gen target.
3. Results and discussion
3.1. Density effect and delayed structure
Fig. 2 shows observed emission time spectra of d–d fusion
neutrons from ortho- and para-enriched D2 target in the liq-
uid (a) and gas (b) phases, respectively. The numbers of fusion
neutrons are normalized by both the number of muons stopped
in the target and the density φ. Because the collision reaction
rates between dμ and D2 are linearly proportional to the tar-
get density, the obvious density dependence is removed. The
ortho–para dependence of the spectra with 35-K liquid D2 and
that with 36.2-K gas D2 are clearly different even they are at
similar temperatures, i.e., density effect.
The ortho–para dependence for 35-K liquid D2 emerges in
the prompt time region of the spectra. The neutrons yield in the
prompt region in ortho-rich D2 is lower than that in normal-D2,
which is opposite to the theory but is similar to that observed in
3.5–18-K solid and 19–23-K liquid [10]. The resonant ddμ for-
mation rate, λ˜ 3
2
, and the hyperfine transition rate, λ˜ 3
2
1
2
in 35-K
liquid D2 were extracted by fittings with a theoretical time dis-
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in 35.0-K liquid (a) and 36.2-K gas (b). The emission time after muon injection
normalized by the target density is also shown. The solid and dotted lines are fit-
ting results for ortho- and para-enriched D2 with exponential functions derived
from a static kinetics model in d–d μCF [4], respectively. The upper-right in-
set of (b) shows the spectrum for ortho-D2 on a logarithmic scale. The fast
component cannot be described by an exponential time spectrum.
Table 1
The resonant ddμ formation rate λ˜ 3
2
and the hyperfine transition rate λ˜ 3
2
1
2
for
35-K liquid D2 with different ortho–para concentrations
Temp. [K] φ [LHD] Ortho [%] λ˜ 3
2
[µs−1] λ˜ 3
2
1
2
[µs−1]
35.0 0.86 55(1) 3.53(9) 33.2(5)
66(1) 3.40(9) 32.1(6)
99(1) 2.99(5) 29.2(5)
tribution function derived from a static kinetics model for d–d
μCF [4] (Table 1).
In the gas phase, we found that the neutron time spec-
trum for 36.2-K gas D2 had a delayed structure that depends
on the ortho concentration with overlapping exponential spec-
trum. This delayed structure was prominent in the spectrum
for ortho-D2 gas. Such structure did not clearly appear in the
spectra for 35-K liquid D2. We note that it is difficult to no-
tice this delayed structure only by analyzing the neutron time
spectra with normal-D2. A similar delayed structure was also
clearly observed in the spectra at the lower target densities
(e.g., φ = 0.03 and 0.07 LHD). The fusion neutron yield in theprompt time region (e.g., 0–500 ns) for 36.2-K gas D2 decreases
with decrease in the ortho concentration. This tendency is con-
sistent with the theory for isolated D2 [11]. From the spectra
for 36.2-K gas at φ = 0.17 LHD, we also extracted the rates
λ˜ 3
2
= 4.1(1) µs−1 and λ˜ 3
2
1
2
= 37.2(5) µs−1 for normal-D2 and
the rates λ˜ 3
2
= 4.2(3) µs−1 and λ˜ 3
2
1
2
= 38.5(5) µs−1 for para-
enriched D2 (50% ortho) by using the static model. The rates in
normal-D2 are consistent with the PSI data, λ˜ 3
2
= 3.96(6) µs−1
and λ˜ 3
2
1
2
= 36.6(7) µs−1 observed at φ = 0.0514 LHD [5].
However, the spectra for ortho-D2 gas strongly deviate from
exponential functions in the time region around ∼150 ns. The
delayed structure cannot be explained by the conventional the-
ory assuming the rapid dμ thermalization, which predicts an
exponential time spectrum for the resonant d–d fusion neu-
trons. Our result indicates the slow dμ thermalization taking
more than at least 150 ns in gas D2.
The transient ddμ formation from dμ atoms in the thermal-
izing stage, which was ignored in the static kinetics model of
d–d μCF, possibly causes the observed delayed structure. In
d–t μCF, a significant contribution to the transient dtμ for-
mation of epithermal tμ in low density targets was reported
[18]. This is caused by strong resonance at tμ kinetic energy
of several hundred meV and tμ acceleration mechanism due to
muon transfer and spin-flip process. In our case, the energy re-
gion of dμ participating the transient process should be much
lower. The delayed structure depends on the two ortho–para
states. The difference between the dμ deceleration process in
ortho- and para-D2 is negligible in the gas phase due to large D2
thermal motion [19]. Therefore, the resonant conditions with
the lowest resonance energies for ortho- and para-D2 at several
meV dominantly contribute to the transient ddμ formation.
The origin of the structure would be understood as follow-
ings. The theoretical deceleration rate of dμ(F = 3/2) atoms at
energy higher than ∼0.1 eV is quite rapid (∼ 109φ s−1) [19]. In
this initial rapid cooling stage of ground-state dμ (> 0.1 eV),
the dμ energy distribution at 36.2 K is very broad because of
the large energy loss. These dμ atoms cause fusion-neutron
emissions independently of the ortho–para ratio in the prompt
time region. In the further dμ deceleration stage (slow ther-
malization stage), the population of dμ(F = 3/2) atoms sat-
isfy the lowest resonance conditions for ortho- and para-D2,
which causes the ortho–para dependence of the delayed tran-
sient structure.
3.2. Time dependent ddμ formation rate
In order to extract meaningful parameters from the spectra
with the transient structure, time dependent analysis methods
are required. We analyzed the time spectra for gas D2 taking
account of the time evolution of the resonant ddμ formation,
λ˜ 3
2
(t), in the early time region. The contribution of λ˜ 3
2
(t) to
λ˜ 3
2
1
2
through the back decay process of the molecular complex
is included as [4]
(2)λ˜ 3
2
1
2
(t) = λ˜scat3
2
1
2
+
Γ 1
2
1
2
λ˜
(
λ˜ 3
2
(t) − λnr
)
,f
H. Imao et al. / Physics Letters B 658 (2008) 120–124 123Fig. 3. Time-dependent resonant ddμ formation rates extracted from fusion
neutrons spectra in 36.2-K gas D2 at φ = 0.17 LHD. The ortho concentrations
are 99% (black), 66% (gray) and 50% (white), respectively.
where λ˜scat3
2
1
2
is the hyperfine transition rate via scattering, Γ 1
2
1
2
is
the back-decay rate from the ddμ with the spin state S = 1/2
to the dμ with F = 1/2 and λ˜f is the d–d fusion rate in the
ddμ molecule. In this analysis, Γ 1
2
1
2
/λ˜f was fixed to a the-
oretical value 2.6 [20] and λ˜scat3
2
1
2
was a fitting parameter. The
effective number of muons stopped in the target, n˜μ = nμn
(nμ is number of muons stopped in the target, n is total de-
tection efficiency for fusion neutrons) were determined by the
analysis in the steady-state region of spectra (e.g., after 1000 ns
for φ = 0.17 LHD) with a fixed non-resonant ddμ formation
rate λ˜ 3
2
= 0.049 µs−1. The observed fusion neutron spectrum
N(t) is given by [4]
(3)N(t)  n˜μ
∑
F
βFφλ˜FNdμF (t),
where βF is the branching ratio for fusion neutron from dμ
with F , φ is the target density in LHD and NdμF and λ˜F are
the population and the ddμ formation rate of dμ with F , re-
spectively.
The rate of λ 3
2
(t) was determined by a stepwise approach
starting with t = 0. From the comparison between N (t ) and
NdμF (t ) at the time t = t0, we determined λ 3
2
(t0). The time
derivative of NdμF at t0 was calculated by using λ 3
2
(t0) and
Eq. (2), and then the time evolution after dt , NdμF (t0 + dt),
was determined. After t = 200 ns, a constant value of λ˜ 3
2
was
assumed as a steady-state formation rate at 36.2 K. The ex-
tracted λ 3
2
(t) for each ortho concentration is shown in Fig. 3.
The rate λ˜scat3
2
1
2
= 25(2) µs−1 was also obtained in the fitting.
The steady-state resonant rate for normal D2 extracted in the
time-dependent analysis method approximately coincides with
that obtained in the conventional analysis with the exponential
function due to the small deviation from the exponential func-
tion.
The steady-state rate for 99% ortho-D2 is 24(5)% larger than
that for normal-D2, which is a similar tendency to the theory
(∼ 6%) [11].Fig. 4. Temperature dependence of the resonant ddμ formation rate. We note
that the rates at φ = 0.17 LHD were extracted in the time-dependent analysis.
The rates at φ = 0.86 LHD and all other rates in previous experiments were
extracted with the conventional static model.
Obtained rates of λ˜ 3
2
as a function of temperature are plotted
in Fig. 4 with those in other experiments. A large density depen-
dence of the resonant ddμ formation, especially for ortho-D2,
can be clearly seen. The resonant ddμ formation rate in ortho-
D2 at φ = 0.17 LHD is 71(10)% higher than that at φ = 0.85
LHD. The dependence is opposite to that in resonant dtμ for-
mation, where the rate increases with increasing density most
likely due to the three-body effect caused by the sub-threshold
resonance [21,22].
4. Conclusion
In conclusion, we found the density dependence of the fu-
sion neutrons spectra for various D2 with different ortho–para
concentrations. In the emission-time spectra with ortho-rich gas
D2, the delayed structures have been observed for the first time.
Because of the ortho–para dependence, the delayed structure is
interpreted as the effect of the transient ddμ formation of non-
thermalized dμ atoms. The steady-state resonant ddμ molec-
ular formation rates for ortho–para controlled D2 were deter-
mined taking the transient ddμ formation into account. The
ortho–para dependence of the neutron yield and the extracted
rates in the gas phase was opposite to that observed in the liquid
phase, which was the experimental evidence of high-density ef-
fects in resonant ddμ formation, especially in ortho-D2. Further
theoretical investigation of high-density effects in ddμ forma-
tion (e.g., rotational and vibrational levels of [(ddμ)dee]∗ at
a high density, the contribution of the sub-threshold resonance
caused by the three-body effect) and in dμ thermalization (e.g.,
competition with ddμ formation in gas D2) is required.
Acknowledgements
The authors thank Profs. G.M. Marshall and J.M. Poutis-
sou for their helpful support with the experiment. We thank
124 H. Imao et al. / Physics Letters B 658 (2008) 120–124Profs. A. Adamczak, L.I. Ponomarev and M.P. Faifman for their
useful comments. H. Imao is grateful to Profs. K. Nishiyama
and Y. Yamazaki and Drs. Y. Ikedo, D. Tomono, H. Tanaka
and H. Miyadera for their encouragement. Part of this study
was supported by a Grant-in-Aid for Young Scientists
(B)(16740154) from the Japanese Ministry of Education, Sci-
ence, Sports and Culture, and by the Core-to-Core Program of
JSPS (15005) and by a Grant-in-Aid for a JSPS fellowship.
References
[1] E. Vesman, Zh. Eksp. Teor. Fiz. Pis’ma 5 (1967) 50, Sov. Phys. JETP
Lett. 5 (1967) 91.
[2] M. Faifman, L. Men’shikov, T. Strizh, Muon Cat. Fus. 4 (1989) 1.
[3] J. Zmeskal, et al., Phys. Rev. A 42 (1990) 1165.
[4] A. Scrinzi, et al., Phys. Rev. A 47 (1993) 4691.
[5] N. Voropaev, et al., Hyperfine Interact. 138 (2001) 191.
[6] D. Demin, et al., Hyperfine Interact. 101/102 (1996) 13.[7] P. Knowles, et al., Phys. Rev. A 56 (1997) 1970.
[8] A. Toyoda, et al., Phys. Lett. B 509 (2001) 30.
[9] A. Toyoda, et al., Phys. Rev. Lett. 90 (2003) 243401.
[10] H. Imao, et al., Phys. Lett. B 632 (2006) 192.
[11] M. Faifman, private communication, 2005.
[12] M. Leon, J.S. Cohen, Phys. Rev. A 31 (1985) 2680.
[13] A. Adamczak, M.P. Faifman, Phys. Rev. A 64 (2001) 052705.
[14] A. Adamczak, Habilitation thesis, Henryk Niewodniczan´ski Institute of
Nuclear Physics, 2003.
[15] V.M. Bystritsky, Phys. Lett. B 94 (1980) 476.
[16] P.C. Souers, Hydrogen Properties for Fusion Energy, University of Cali-
fornia Press, Berkeley and Los Angeles, USA, 1986.
[17] I. Silvera, Rev. Mod. Phys. 52 (1980) 393.
[18] M. Jeitler, et al., Phys. Rev. A 51 (1995) 2881.
[19] A. Adamczak, et al., At. Data Nucl. Data Tables 65 (1996) 255;
A. Adamczak, et al., At. Data Nucl. Data Tables 65 (1996) 315;
A. Adamczak, et al., At. Data Nucl. Data Tables 65 (1996) 329.
[20] Y. Petrov, et al., Phys. Rev. A 57 (1998) 1636.
[21] S. Jones, et al., Phys. Rev. Lett. 51 (1983) 1757.
[22] J.S. Cohen, M. Leon, Phys. Rev. A 39 (1989) 946.
